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Charmed mesic nuclei: BoundD and D states with 2°%Pb
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We show that thd ~ meson will form narrow bound states wiffi%b. Mean-field potentials for the°,

D° andD ™ in 2°%b are calculated self-consistently using the quark-meson coupling model in the local density
approximation. The mesof®®b bound-state energies are then calculated by solving the Klein-Gordon equa-
tion with these potentials. The experimental confirmation and comparison witB%rend D° will provide
distinctive information on the nature of the interaction between the charmed meson and matter.
[S0556-28139)02205-G

PACS numbe(s): 21.30.Fe, 24.10.Jv, 14.40.Lb, 11.30.Rd

In relativistic models of nuclear structure like quantum given the success in reproducing the pion coupling constants
hadrodynamic$QHD) [1] or quark-meson couplingQMC)  for va_rious charmgd baryqns using a model based on a com-
model [2—10], the isoscalar-scalar mesen is responsible Mon light quark pion coupling22], while on the other hand,
for a large reduction in the mass of the nucleamy(m¥). the present predictions could also be viewed as an indepen-

Although there is no firm evidence of@meson with mass dent test of this picturgIn the absence of any strong inter-

. : action, theD ™ will form atomic states, bound by the Cou-
in the range 500 — 600 MeVcf. the Particle Data Group lomb potential. We use the QMC model to estimate the

discussion of thefo(400—1200) ando [11]), there is cON-  eftect of the strong interaction. The resulting binding for,
siderable empirical justification for using theas a phenom-  say the % level in 2°8Pb is between 10 and 30 MeV and
enological representation of correlated tWO-piOﬂ exchangghomd pro\/ide a very clear experimenta| signature_
between nucleond 2]. In QMC the justification for coupling Systems of the formgc are also extremely interesting
the o to the confined light quark@hereafter referred to @y  because the coupling of the mean vector field to the light
is that dynamical chiral symmetry breaking requires that theantiquark will be attractive. Indeed, we expecDameson
confined quarks couple to pions. Quarks in different hadrongc ) to experience an attraction in excess of 100 MeV in an
can interact by exchanging two pions and this is representegverage size atomic nucleus. Unfortunately, Eheneson in
phenomenologically byr exchange. Using this model it is matter will also couple strongly to open channels such as
possible to investigate the reduction of the masses not onlPN—B.(7's), with B, a charmed baryon. Our present
of baryons, but also of mesons containing light quéBks7]. knowledge _does_ not permit an accurate calculation of the
(See Refs[13-19 for other approaches not all of which corresponding widths, which may be 10-100 MeV. At the
result in a mass reduction for the mesons. lower end of this range, suc_h states. shon_JId be able to be seen

The result for thew meson within relativistic mean-field &S Very deeply bound mesic-nuclei, while at the upper end
gpey may not be detectable. We regard the widths as an ex-
pure g-q pairs (ideal mixing, in an isoscalar nucleus tree perlmgntal Issue at present and Show ﬁ%%’b bound-state

e . . . energies without the effect of absorption.

and q “feel” equal and opposite vector potentials. This A ‘jetajled description of the Lagrangian density and the
means that the effect of the mearfield is unmasked which  mean.field equations of motion needed to describe a finite
leads to expectations of quite deeply boumehucleus states
[7,14,20,21,28 These states are currently the subject of in-
tense experimental investigation, with the most promisin
involving recoilless production in thed(®He) reaction at
GSI[20,21].

In this paper we consider a possibility that is in some
ways even more exciting, in that it promises more specific
information on the relativistic mean fields in nuclei and the
nature of dynamical chiral symmetry breaking. We focus on
systems containing an anticharm quark and a light quark =0, @

(cq), which have no strong decay channels if bound. If we ¢d(X))

nucleus is given in Ref$3,4]. At positionr in a nucleugthe
coordinate origin is taken at the center of the nudetise

gDirac equations for the quarks and antiquarks inDhend D
meson bags are given jg,7]:

N N 1 R l,//u(X)
iy &x_[mq_vg(r)]i YO(Vg(r)Jr EVE(I’)” Yi(X)

assume that dynamical chiral symmetry breaking is the same|. . . \q. >1— o a7 1

for the light quark in the charmed meson as in purely light- |'” =M= Vo(DIF 77| V() = 5V 1} yrtx)
qguark systems, we expect the sama coupling constant.

(On the one hand, this assumption seems quite reasonable, =0, 2
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TABLE I. The physical masses fitted in free space, the bag parangtansl the bag radii in free space
R. The quantities with an asterisk are those quantities calculated at normal nuclear matter depsity,
=0.15 fm 3. They are obtained with the bag constadt; (170.0 MeVY, current quark masses),=my

=5 MeV andm,=1300 MeV.(Note that the free space widths fbrandD mesons are negligiblgL1].)

Mass(MeV) z R (fm) m* (MeV) R* (fm)
N 939.0(input) 3.295 0.80Q(input) 754.5 0.786
D,D 1866.9(input) 1.389 0.731 1804.9 0.730

[iy-dx—mele(x)  [or  ¢(x)]=0. 3 PR (D R R (DR R
i my(r)= - + §7TRJ* B, 8
The mean-field potentials for a bag centered at positiam !
the nucleus are defined BYf(r)=gla(r),Vi(r) =gl w(r) Y-
andV4(r)=g%(r), with g2, g, andg? the corresponding gm; (r) -0, (j=D.D). 9)
quark and meson-field coupling constantslote that we gy R =R

have neglected a possible, very slight variation of the scalar :

and vector mean fields inside the meson bag due to its finitg, Eq. (8), thez, parametrize the sum of the center-of-mass
.(8), i

size [3].) The mean meson fields are calculated self- | fl ; ff ; )
consistently by solving Eqg23—(30) of Ref. [4], namely, and gluon fluctuation effects, and are assumed to be indepen

by solving a set of coupled nonlinear differential equation
for static, spherically symmetric nuclei, resulting from the
variation of the effective Lagrangian density involving the
quark degrees of freedom and the scalar, vector, and Co
lomb fields in the mean-field approximation.

dent of density. The parameters are determined in free space

Sto reproduce their physical masses.

In this study we chose the valueg=m,=m;=5 MeV
and m.=1300 MeV for the current quark masses, dRg

u_

=0.8 fm for the bag radius of the nucleon in free space.
Other input parameters and some of the quantities calculated

The normalized, static solution for the ground-state

; . . are listed in Table |. The parameters at the hadronic level
guarks or antiquarks in the meson bags may be written as

associated with the core nucleus can be found in R8f4].

We stress that while the model has a number of parameters,
only three of themgd, g7, and g, are adjusted to fit
L nuclear data—namely the saturation energy and density of
where f=u,u,d,d,c,c refers to quark flavors, and; and  symmetric nuclear matter and the bulk symmetry energy.

#¢(X) are the normalization factor and corresponding spinNone of the results for nuclear properties depend strongly on
and spatial part of the wave function. The bag radius in methe choice of the other parameters—for example, the rela-
dium RT , which depends on the hadron species to which théwe.ly.weak de.pendence of the final results for the properties
quarks and antiquarks belong, will be determined through th&' finite nuclei, on the chosen values of the current quark
stability condition for the(in-medium mass of the meson Mass and bag radius, is shown explicitly in R¢gs4]. Ex-
against the variation of the bag radii@4,6,7 [see also Eq. actly the same coupling constangs,, g;,, andgy, are used

(9)]. The eigenenergies; in Eq. (4) in units of 1R* are for the light quarks in the mesons as in the nucleon. How-
ol s ] in studies of the k t found that it
given by ever, in studies of the kaon system, we found that it was

phenomenologically necessary to increase the strength of the

P (x)=N;e "R y(x), (j=D,D), (4)

E(F) -, - 1 -, T T T T T
( v ):Qa‘(r)iRj*(Vfl(r)+—Vg(r)), (5) 400¢
ex(r) 2 [ =5 MeV, m=1500 MeV
‘Ry=0.8 fm
e4(7) g R 300 F ]
. | =Q5(N=ERY Vﬂ)(r)—zvg(r) , (6) =
€q(r) I
"¢ R00F .
€c(r)=€g(r)=Q(r), () ! B
i i € D,D
whereﬂg(r):\/xqur(Ri* mg )%, with m# =mg—glo(r) and 100+ ]
QC(F)= \/xchr(RJ?c m.)°. The bag eigenfrequencieg, and
Xc, are determined by the usual, linear boundary condition
[3,4]. [Note that the lowest eigenenergy value for the Dirac %o 0'5‘ = ‘1'0' 1'5 2'0 2'5 o
equation (Hamiltonian for the quark, which is positive, ' ’ T o ‘ )
B [}

should be identified with a constituent quark mass.

The D andD meson masses in the nucleus at posiﬁon
are calculated by

FIG. 1. Shift of the mass of the nucleon and er D meson.
(Normal nuclear matter density,, is 0.15 fni3.)
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where A(r) is the Coulomb interaction between the meson
and the nucleus. Note that tlremeson mean-field potential
Vg(r) is negative in a nucleus with a neutron excess, such as,
e.g., 2%%b. For the larger meson coupling, suggested by
K*A scatteringVi(r) is replaced by (r).

Before showing the calculated potentials for the in
208pp which is particularly interesting in view of the strong
Coulomb field, we first show in Fig. 1 the mass shift of the
D(D) meson, calculated in symmetric nuclear matteo
contributions from thep and Coulomb fields As is ex-
pected, the relationnip 5— mgﬁ =3 (my—my) is well re-

N alized[5].
4 Next, in Fig. 2 we show the sum of the potentials for the
D~ in 2%pb for the two choices of/2 (r)+VP (r) [the

Mashed line corresponds féj?u(r) and the dotted line to
VA(r)]. Because thdd~ meson is heavy and may be de-
scribed well in the(nonrelativisti¢ Schralinger equation,
one expects the existence of téoéPb bound states just from
inspection of the naive sum of the potentials, in a way which
vector coupling to the nonstrange quarks in té (by a does not distinguish the Lorentz vector or scalar character.

factor of 1.4) in order to reproduce the empirically extracted ~'NOW We are in a position to calculate the bound-state

K ™-nucleus interactiofi6]. It is not yet clear whether this is energies for thé andD in nuclei, using the potentials cal-

a specific property of th&*, which is a pseudo-Goldstone culated in QMC. There are several variants of the dynamical
boson, or a general feature of the interaction of a light quarkequation for a bound meson-nucleus system. Consistent with
perhaps associated with the Pauli exclusion principle. In anjhe mean-field picture of QMC, we actually solve the Klein-

case, we show results for th2 binding energies with both G0rdon equation:
choices for this potential, in order to test the theoretical un-

o.zo[ T ' ' T 310

Potential (MeV)

|
%]
(=

|
N
(=}

6 8 10 12 1

r (fm)

FIG. 2. Sum of the scalar, vector and Coulomb potentials for th
D~ meson in 2%Pb for two cases[m}_(r)—mp-]1+Vi(r)
+%Vg(r)—A(r) (the dashed lineand [mg_(r)—mp-]+VI(r)
+3V3(r)—A(r) (the dotted ling whereV%(r)=1.82V(r).

certainty. Thew mean-field potential with the larger cou-
pling will be labeledVd (=1.42VY).

Through Eqs(1)—(9) we self-consistently calculate effec-
tive massesm*(r) (j=D,D), and mean-field potentials,
Ve, (), at positionr in the nucleus. The scalar and vector
potentials felt by the hadron, which will depend only on the
distance from the center of the nucleus;|r], are given by

Vi(r)y=m¥(r)—m;, (10)
VUD*(r)=V‘J,(r)—%Vﬁ(r)—A(r), 1y
D%y —\/d 1y
V, (1) Vw(r)+2Vp(r), (12
Do 1
Vi (N=—| Vi + 5 Vi) |, (13

{V2+[E-VI(D12=m{2(r)}¢i(1)=0, (14

whereE; is the total energy of the mesdthe binding energy
is E;—m;). To deal with the long-range Coulomb potential,
we first expand the quadratic terfte zeroth component of
Lorentz vector as, [E;—Vi(r)]?=E7+A%(r)+V2 (1)
+2A(r)V,,(r) —2E[A(r) +V,,(r)], whereV,(r) is the
combined potential due taw and p mesons[V,,(r)
=V{(r)—3 Vi(r) for D7]. Then Eq.(14) can be rewritten
as an effective Schdinger-like equation,

2 2

2_
o J

®(r), (19

i
2mj

where ®;(r)=2m;¢;(r) and V,(E;,r) is an effective
energy-dependent potential which can be split into three
pieces(Coulomb, vector, and scalar parts

TABLE Il. CalculatedD~, D° and D° meson bound-state energiéa MeV) in 2°%Pb for different
potentials. The widths for the mesons are all set to zero, both in free space and¥BlleNote that th®°

bound-states energies calculated Wit will be much larger than those calculated wifj, (in absolute

value.

State D-(V9) D7(V)) D7(V},noCoulomp  DOV9) DO(VY)  DO(VY)
1s —-10.6 —-35.2 —-11.2 Unbound —-25.4 —-96.2
1p —-10.2 =321 —10.0 Unbound —-23.1 —-93.0
2s -7.7 —30.0 —6.6 Unbound -19.7 —88.5
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ciated with strong absorption may render it experimentally
inaccessible. It is an extremely important experimental chal-
lenge to see whether it can be detected.

The eigenfunctions for the Schdimger-like equation are
shown in Fig. 3, together with the baryon density distribution
in 2%%Pb. For the usuab coupling, the eigenstates §&nd
1p) are well within the nucleus, and behave as expected at
the origin. For the stronge® coupling, however, thé ™

meson is considerably pushed out of the nucleus. In this
case, the bound statan atomic stateis formed solely due

to the Coulomb force. An experimental determination of
whether this is a nuclear state or an atomic state would give
a strong constraint on the coupling. We note, however,
that because it is very difficult to produd2-mesic nuclei
with small momentum transfer, and tBemeson production
cross section is small compared with the background from
r (fm) other channels, it will be a challenging task to detect such
bound states experimentall25].

FIG. 3. The Schidinger-like bound-state wave functions of the ) 0 20
D~ meson in?%®Pb, for two differentw meson coupling strengths. To summarize, we have calculated téépb, 508Pb' and

See also the caption of Fig. 2. The wave function is normalized a%oﬁpb bound-state energies in QMC. The potentials for the
follows: [5drdmr?|d(r)|2=1. mesons were calculated self-consistently in local-density ap-
proximation. In spite of possible model-dependent uncertain-
ties, our results suggest that tbhe meson should be bound

in 2%Pb due to two quite different mechanisms, namely, the
scalar and attractive mean field even without the assistance
of the Coulomb force in the case of the normal vector poten-
(160  tial (V9), and solely due to the Coulomb force in the case of

the stronger vector potentiéf/@). (We recall that the kaon is
Note that only the first term in this equation is a long-rangea pseudo-Goldstone boson and expected to be difficult to
interaction and thus needs special treatment, the second atreat properly with the usual bag model. Thus, the analysis of
third terms are short-range interactions. In practice,(E§).  Ref.[6] on the vector potential for the light quarks inside the
is first converted into momentum space representation via kaon bag may not be applicable to the light quarks inside the
Fourier transformation and is then solved using the Kwon-D meson.

Tabakin-Landetechnique[24]. We would like to emphasize  Thys whether or not th@®°-2%%Pb bound states exist
that no reduction has been made to derive the 3tthger-  ould give new information as to whether the interactions of
like equation, so that all relativistic corrections are includedjignt quarks in a heavy meson are the same as those in a
in our calculation. The calculated meson-nucleus bound-statg,cleon. The enormous difference between the binding ener-

energies for?%%Pb, are listed in Tatile 1. _  gies of theD® (~100 MeV) and the® (~10 MeV) is a
i The results show that both ti2" andD™ are bound in  simple consequence of the presence of a strong Lorentz vec-
%Pb with the usuakv coupling constant. For th®~ the  tor mean field, while the existence of any binding at all
Coulomb force provides roughly 24 MeV of binding for the would give us important information concerning the role of
1s state, and is strong enough to bind the system even Witthe | orentz scalar field (and hence dynamical symmetry
the much more repulsive coupling(viz., 1.4VY). TheD° breaking in heavy quark systems. In spite of the perceived
with the strongerw coupling is not bound. Note that the experimental difficulties, we feel that the search for these
difference betwee®® andD ~ without the Coulomb force is Pound systems should have a very high priority.
due to the interaction with the meson, which is attractive
for the D° but repulsive for theD . For completeness, we
also calculated the binding energies for 18, which is  sions concerning the experimental possibilities for detecting

deeply bound since the interaction with the light anti- D-mesic bound states. This work was supported by the Aus-
quarks is attractive. However, the expected large width assdralian Research Council.

wave functions (fmm)

o©
=

0.0

2BV, (N —=[A(r)+ VI, (]2
2m

Vi(E 1= SLA() 4
i j,r)—mj (r) J_
m]-*z(r)—mj2
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